We propose an indoor visible light communications and positioning system using the orthogonal frequency division multiplexing access (OFDMA) scheme, which can provide both indoor positioning and communications.
Introduction
Visible light positioning systems using light-emitting diodes (LED) has been an attractive research topic [1-2], due to the advantages of high positioning accuracy, license-free operation, no radio frequency (RF) interference and lowcost front-ends, etc. The indoor positioning methods based on visible light communications (VLC) are mainly as follow: triangulation based on received signal strength (RSS), fingerprints analysis, proximity and image positioning method. The triangulation method estimates the transmission distance via received signal strength (RSS) based on the intensity modulation and direct detection (IM/DD) [3] . In public indoor places with a large number of LEDs for lighting, the coverage area of LEDs will overlaps, thus resulting in intercell interference (ICI). To overcome this problem, a number of schemes including carrier allocation, time allocation, and wavelength allocation have been investigated. Both time and wavelength allocation based techniques will require synchronization and optical filtering or multiple receivers [4] [5] [6] . Whereas, in the carrier allocation scheme, many radio frequecncy (RF) based filters needs integration in a single receiver (Rx), which is not applicable in an indoor environment with numerous LEDs [3] .
In this paper, we propose an indoor VLC and positioning system using the orthogonal frequency division multiplexing access (OFDMA) scheme, in which the signals transmitted by LEDs are encoded with allocated subcarrier, respectively and the Rx recovers all transmitted signals using a discrete Fourier transformation (DFT) operation. Three subcarriers, with the maximum received signal intensity with respect to three LEDs, are selected for indoor positioning. The proposed indoor positioning system can measure the receiver's position with not ICI as well as providing data communications. The feasibility of the scheme is demonstrated in a room of size 10×10×9 cm. We show that the proposed scheme offers a mean positioning error (PE) of 1.32 cm and the error vector magnitude (EVM) is 10 dB for a ~12 cm free space transmission span. The feasibility of the proposed scheme is demonstrated experimentally as shown in Fig. 1 . The coordinates of Txs1, 2 and 3 are (4, 4, 9), (7, 4, 9), (4, 7, 9), respectively, and the Rx with the coordinate of (x, y, 0) is located at the floor level. We have used a total of 128 subcarriers of which 3 are used for positioning, and the rest for data transmission. The block diagram of OFDM coder and decoder is shown in Fig. 2 . At the Tx, the data blocks encoded into quadrature phase shift keying (QPSK) symbols are combined with positioning data prior to being applied to N-point IDFT. The transmitted positioning data I 1 I 2 I 3 are (1+i 0 0), (0 1+i 0) and (0 0 1+i) for Txs 1, 2 and 3, respectively. In order to mitigate multipath induced intersymbol interference (ISI) between OFDM symbols, the cycle prefix (CP) is inserted at the front of each data block. Training symbols are inserted at the start of each OFDM frame for channel estimation and synchronization. The generated OFDM signal at 1.7 Mbaud is three times up-sampled and then upconverted to 1.25 MHz using digital I-Q modulation, which is then uploaded into an arbitrary waveform generator (AWG) operating at 5-MS/s. 
where x j, y j , z j , j =1, 2, 3 are the coordinates of the selected three LEDs, which can be obtained using the look-up table based on the subcarrier index. x, y, z are the coordinates of Rx. The distance between Txs and Rx can be given as [3] :
where m is the order of Lambertian emission, r A is the physical area of the detector, i and i are the angles of irradiance and incidence, respectively. c denotes the field of view (FOV) of the Rx, s T is the gain of the optical filter, and s G is the gain of the optical concentrator, h is the height of the ceiling, H i is the channel gain, which is given by: 
where i F is constant coefficient depending on specific subcarrier.
Experimental results
In order to assess the accuracy of the proposed method, we performed measurements at 16-point with coordinates of (0, 0, 0), (0, 3, 0), (0, 7, 0), (0, 10, 0), (3, 0, 0), (3, 7, 0), (3, 10, 0), (7, 0, 0), (7, 3, 0), (7, 7, 0), (7, 10, 0), ( 10, 0, 0), (10, 3, 0), (10, 7, 0), (10, 10, 0). Fig. 3 depicts the estimated as well as reference positions using the proposed scheme. The PE is given by:
where (x, y) and (x e , y e ) are the coordinates of reference and estimated points, respectively. Using (5) the mean PE is with 1.32 cm. To assess the link performance we have measured the error vector magnitude (EVM) as displayed in Fig. 4 where only LED1 is used for data broadcasting. As can be seen from Fig. 4 , the EVM level decreases with the increased distance between Tx and Rx. This is as expected, since the signal to noise ratio (SNR) of received OFDM signal decreases with the distance. The positioning accuracy of the proposed scheme depends on the SNR of the three subcarriers that are employed for localization, which can be improved using high-power LEDs and high-gain optical concentrators to increase the SNR. It should be pointed out that there is a difference between data broadcasting and positioning. Since the broadcasting data is modulated on the three LEDs distributed evenly, the SNR of received broadcasting data is large enough to acquire an EVM of more than 10 dB at each measured point. 
Conclusion
In this paper, we proposed a new VLC based indoor positioning system. To overcome the intercell interference, the OFDMA scheme was employed. The experiment results showed that the proposed indoor positioning method could readily overcome the intercell interference, and provide both indoor positioning and data communications. We showed that the proposed system with QPSK offered a mean positioning error and an EVM of 1.32 cm and more than 10 dB, respectively. The positioning accuracy of the proposed scheme depended on the SNR of received OFDM signal, which could be improved using high-power LEDs and high-gain optical concentrators.
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